The critical involvement of GPCRs (G-protein-coupled receptors) in nearly all physiological processes, and the presence of these receptors at the interface between the extracellular and the intracellular milieu, has positioned these receptors as pivotal therapeutic targets. Although a large number of drugs targeting GPCRs are currently available, significant efforts have been directed towards understanding receptor properties, with the goal of identifying and designing improved receptor ligands. Recent advances in GPCR pharmacology have demonstrated that different ligands binding to the same receptor can activate discrete sets of downstream effectors, a phenomenon known as 'ligand-directed signal specificity', which is currently being explored for drug development due to its potential therapeutic advantage. Emerging studies suggest that GPCR responses can also be modulated by contextual factors, such as interactions with other GPCRs. Association between different GPCR types leads to the formation of complexes, or GPCR heteromers, with distinct and unique signalling properties. Some of these heteromers activate discrete sets of signalling effectors upon activation by the same ligand, a phenomenon termed 'heteromer-directed signalling specificity'. This has been shown to be involved in the physiological role of receptors and, in some cases, in diseasespecific dysregulation of a receptor effect. Hence targeting GPCR heteromers constitutes an emerging strategy to select receptorspecific responses and is likely to be useful in achieving specific beneficial therapeutic effects.
INTRODUCTION
GPCRs (G-protein-coupled receptors), also called seventransmembrane receptors or heptahelical receptors, are a large family of cell-surface proteins capable of binding a diverse array of molecules (i.e. photons, ions, nucleotides, amino acids, amines and peptides). At the interface between the extracellular and the intracellular milieu, they are involved in the regulation of nearly every physiological process by converting extracellular stimuli into intracellular responses. GPCRs account for up to 50 % of currently marketed drugs [1] [2] [3] [4] and continue to be the focus of intense research in drug development. New concepts that serve as the basis for the search and design of improved ligands have challenged classical pharmacological theories such as that of ligand intrinsic efficacy. For example, it was classically thought that ligand binding to a receptor stimulates or inhibits all receptor functions equally and consistently for each ligand at a given receptor, irrespective of the environment. However, the lack of consistency between this theory and the more complex receptor signalling behaviour observed in experiments led to the formulation of new concepts, for example that drugs exert their effects in a system-dependent manner. One of the most widely explored ideas is that of functional selectivity: ligands induce or stabilize unique ligand-specific receptor conformations that can result in differential activation of signal transduction pathways (reviewed in [5] ). Moreover, association between different GPCR types, or heteromerization, is emerging as a new mechanism that can regulate GPCR function. Receptor-receptor interaction is thought to result in the stabilization of specific receptor conformations, conducive to coupling to discrete effectors, a mechanism also called heteromer-directed signal specificity. In the present review, we will document these novel mechanisms which allow for the fine-tuning of GPCR responses and open new areas of research for drug discovery.
LIGAND-DIRECTED SIGNAL SPECIFICITY
Over the last two decades, a large amount of data has indicated that different ligands for one receptor are capable of activating distinct, yet overlapping, groups of downstream effectors. This has led to the new idea that a ligand's intrinsic efficacy does not adequately match experimental observations, and has led to the proposal of additional novel mechanisms that would more accurately reflect experimental data. According to this theory, a receptor can adopt different active conformations [6] induced and/or stabilized by ligands, resulting in activation of distinct effectors associated with that receptor [5, [7] [8] [9] [10] . The accumulating evidence for multiple signalling states of GPCRs has been reviewed recently [11] [12] [13] [14] .
Studies of the β 2 -AR (adrenergic receptor), a prototypical GPCR, have contributed greatly to the concept of liganddirected signal specificity. Early studies tested the hypothesis that agonists with different properties (full or partial agonists) could lead to different ligand-induced receptor conformations, and that this could be reflected by the ability of these ligands to induce differential receptor phosphorylation. In vitro 1 , tachykinin receptor 1; PKC, protein kinase C; SNSR-4, sensory neuron-specific receptor-4; SST, somatostatin; SSTR, SST receptor; TIPP, H-Tyr-Tic-Phe-Phe-OH; V 1A R, vasopressin 1A receptor; V 2 R, vasopressin 2 receptor. 1 To whom correspondence should be addressed (email lakshmi.devi@mssm.edu).
treatment of the β 2 -AR with different ligands, such as the full agonist isoprenaline (isoproterenol) and various partial agonists with different efficacies, revealed a linear correlation between adenylate cyclase activity and receptor phosphorylation [15] . These results were confirmed by studies that demonstrated in intact cells the phosphorylation of β 2 -AR at different sites in response to isoprenaline, adrenaline (epinephrine) and dopamine [16] , suggesting agonist-dependent differential regulation of β 2 -AR phosphorylation. Adoption of different active conformations by the β 2 -AR was explored further using other approaches. Fluorescence lifetime analysis of a reporter fluorophore covalently attached to the G-protein-coupling domain of the β 2 -AR revealed that the conformation induced by a full agonist could be distinguished from that induced by a partial agonist [17] . Moreover, fluorescence quenching of fluorescein-tagged β 2 -AR, a technique that reports agonist-induced conformational changes in the receptor, demonstrated that a change in the fluorescence intensity of fluorescein-β 2 -AR was proportional to the biological efficacy of the agonist [18] . This confirmed the notion that GPCRs are capable of adopting different active conformations and that specific ligands can induce and/or stabilize such conformations.
Another type of ligand-directed signal specificity has been uncovered using the β 2 -AR. Drake and co-workers [19] identified several ligands that displayed a significant bias towards β-arrestin signalling. These compounds were able to stimulate β-arrestin translocation and signalling to a much greater extent relative to their efficacy for G-protein-dependent activity [19] . These β-arrestin-biased agonists harboured a common structural feature supporting the notion that the stabilization of a specific receptor conformation conducive to β-arrestin-dependent activity is conferred by specific structural motifs of these ligands (that could induce/stabilize a discrete receptor conformation). Another study comparing the β-arrestin bias between 16 β-AR antagonists (for classical G-protein-mediated signalling) revealed that carvedilol functions as an agonist by recruiting β-arrestin and signalling in a β-arrestin-dependent manner [20] . Considering that carvedilol is uniquely effective in the treatment of heart failure, it is likely that arrestin-biased β-AR ligands could be useful drugs for the treatment of heart failure. This suggests an important clinical role for ligand-directed signal specificity. Similarly, other compounds that have been shown to act as inverse agonists for one signalling pathway can behave as agonists for another signalling pathway. ICI 118,551, an inverse agonist for the β 2 -AR/G s -coupled cAMP response, was shown to act as an agonist in the G-protein-independent β-arrestin-mediated ERK (extracellular-signal-regulated kinase) MAPK (mitogen-activated protein kinase) signalling pathway [21, 22] . These ligands, by activating distinct pathways, support the concept of liganddirected signal specificity. This underscores the importance of testing ligands for a variety of biological responses to assess their biological potential. Taken together, the large amount of data collected in studies focusing on the β 2 -AR have demonstrated that the notion of ligand-directed signal specificity can be observed and measured, and is likely to be useful in the design of ligands with targeted effects.
Agonist-specific signalling has been reported for a number of other receptors, indicating that this is a generalizable phenomenon among GPCRs. The large portfolio of adrenergic ligands has been helpful in defining ligand-directed signalling and changes in receptor conformation. For example, the β 1 -AR ligands isoprenaline, bucindolol and propranolol have full, partial and inverse agonist properties for the adenylate cyclase pathway respectively. However, they all behave as agonists for the MAPK pathway. These interesting properties were used to probe ligand-specific stabilization of receptor conformation using BRET (bioluminescence resonance energy transfer) between the receptor and the G-protein [23] . These studies demonstrated that discrete local conformational changes can selectively promote the recruitment of distinct downstream effectors involving either or both G-protein-dependent and -independent signalling [23] .
Recruitment of distinct downstream effectors was also shown in the case of the bombesin and cannabinoid receptors. For example, the bombesin receptor has been shown to be able to couple to different G-proteins, depending on the agonist. Stimulation of the bombesin receptor with a substance P analogue was able to activate MAPK through a G αi -mediated pathway, whereas stimulation with bombesin was able to activate JNK (c-Jun N-terminal kinase) signalling through a G α12 -mediated pathway [24] . Several studies have taken advantage of the large number of CB 1 R (cannabinoid 1 receptor) agonists and their structural diversity to examine ligand specificity of CB 1 R coupling. For example, Hu210 was found to couple to either G αi and G αo to elicit maximal activation [25] . In contrast, WIN 55212-2 and AEA (anandamide) induced a stronger coupling to G αi as compared with G αo , whereas THC ( 9 -tetrahydrocannabinol) produced submaximal responses for both G αi and G αo . Another study reported the ability of WIN 55212-2 to elicit CB 1 R coupling to G αq , leading to an intracellular calcium response [26] . These examples underscore the fact that the nature of the agonist is critical for the promotion of receptor coupling to specific G-proteins, and that a given receptor can lead to an array of downstream signalling, depending on the nature of the activating ligand.
Studies with opioid receptors have also revealed agonistdirected signal specificity (summarized in Figure 1 ). MOR (μ-opioid receptor) agonists have been shown to have different properties in terms of their ability to induce receptor endocytosis, arrestin recruitment and membrane microdomain sequestration, indicating a marked potential for different opioid ligands to affect specific receptor responses. Although the endogenous ligands enkephalins and exogenous ligand ethorphine were shown to induce MOR internalization, morphine had no effect of MOR endocytosis in transfected HEK (human embryonic kidney)-293 cells [27] and in neurons [28, 29] . This was later attributed to differences in a ligand's ability to induce β-arrestin translocation to activated MOR [30] (since β-arrestin binding to GPCRs contributes to the promotion of endocytosis [31] ). In agreement with the poor propensity of morphine to recruit β-arrestin, morphine activates MAPK via the G-protein/PKC (protein kinase C)-dependent pathway, but not the β-arrestindependent pathway, whereas other ligands such as ethorphine and fentanyl activate MAPK in an arrestin-dependent manner [32] . In addition, ethorphine, but not morphine, was able to induce MOR translocation to non-raft domains, allowing arrestinmediated MAPK phosphorylation [33] .
Such information can be used to develop new agonists with selective properties. This has been the case with the discovery of a new MOR agonist, herkinorin, that, compared with morphine, exhibits a lesser propensity to recruit β-arrestin [34] . Since β-arrestin2 plays an important role in the development of morphine-induced tolerance, constipation and respiratory depression [35, 36] , identifying drugs that can activate the receptor without recruiting β-arrestin may be a promising step in the development of opiate analgesics providing pain relief without the adverse side effects.
In a recent study, ligand-directed signalling was extended to distinct mechanisms of receptor desensitization observed for two classes of MOR agonists [37] . Acute analgesic tolerance to morphine, morphine 6-glucuronide and buprenorphine was JNK-dependent, but not GRK3 (G-protein receptor kinase 3)-dependent. In contrast, analgesic tolerance to fentanyl, [33] , GRK3-dependent desensitization [37] and recruitment of β-arrestin, with the initiation of receptor endocytosis [27] [28] [29] and β-arrestin-mediated signalling [33] . In contrast, binding of another class of agonists (such as morphine) to MOR induces G-protein-mediated signalling and JNK-dependent desensitization [37] , and does not lead to translocation to non-raft domains, β-arrestin recruitment or endocytosis [27] [28] [29] 32, 33] . methadone and oxycodon was GRK3-dependent, but not JNK-dependent. Furthermore, acute MOR desensitization after morphine treatment, but not after DAMGO {[D-Ala 2 -MePhe 4 -Gly(ol) 5 ]enkephalin} treatment, was also blocked by JNK inhibition. These suggest that some ligands, through specific activation of JNK signalling, play a role in the mechanism of GPCR desensitization, with physiological consequences on the regulation of analgesia [37] .
DOR (δ-opioid receptor) properties have also been shown to be modulated by ligands. Ethorphine, a non-selective DOR agonist, was shown to activate DOR by coupling to G αi1 , G αi2 , G αi3 and to pertussis toxin-insensitive G α subunits. In contrast, the peptidic agonists DPDPE ([D-Pen 2,5 ]-enkephalin) and deltorphin mainly led to signalling by coupling to G αi2 and G αo2 subunits [38] . A study comparing morphine and ethorphine found that only ethorphine, but not morphine, could induce DOR phosphorylation, β-arrestin recruitment and endocytosis [39] . These observations suggest that morphine and ethorphine have conserved properties with respect to stabilization of receptor active conformations, conducive or not to β-arrestin recruitment, irrespective of the receptor (MOR and DOR). In addition, an interesting study documenting differences between DPDPE-and TIPP (H-Tyr-TicPhe-Phe-OH)-mediated effects found that, although both ligands inhibited adenylate cyclase and activated MAPK, only DPDPE induced desensitization and internalization of DOR. The authors demonstrated further that DPDPE, but not TIPP, activated specific downstream effectors such as Src. The latter activated β-arrestin by promoting β-arrestin recruitment and by increasing β-arrestin dephosphorylation at the plasma membrane [40] . These examples highlight the number of mechanisms through which different ligands stimulating a given receptor can activate various sets of downstream effectors.
Comparison of the involvement of β-arrestin2 in the response to two serotonin receptor [5-HT 2A R (5-hydroxytryptamine 2A receptor)] agonists [serotonin and DOI (2,5-dimethoxy-4-iodoamphetamine)], demonstrated opposite behaviours [41] . β-Arrestin2 was shown to be required for endocytosis, MAPK signalling and in vivo behavioural responses to serotonin; in contrast, cellular and behavioural responses to DOI were not affected by the absence of β-arrestin2 [41] . These findings suggest that serotonin and DOI lead to distinct patterns of activation of downstream effectors.
Differences in a ligand's ability to induce receptor endocytosis has also been reported for the apelin receptor. The active peptide ligand K17F leads to inhibition of cAMP production and induces apelin receptor internalization. Although successive N-terminal amino-acid deletions of the K17F peptide do not alter binding or the inhibition of cAMP production, they lead to a progressive reduction of receptor internalization [42] . This implies that a structural determinant in the N-terminus of the K17F peptide is necessary for stabilizing receptor conformations conducive to signalling and endocytosis. Further characterization of K17F and shorter peptides could indicate whether receptor endocytosis is due to a bias of these different peptides towards β-arrestin.
Although the majority of the studies carried out thus far (as described above) have mostly used pharmacological approaches to assess multiple receptor active conformation states, recent studies using biophysical techniques, such as intramolecular FRET (Förster resonance energy transfer), have examined real-time changes in receptor active conformations. These studies provide direct evidence for the capacity of a receptor to adopt different active conformations. Using a receptor C-terminally labelled with CFP (cyan fluorescent protein) and upon introduction of a fluorescein arsenical hairpin binder at different sites in the third intracellular loop of the α 2 -AR, Zurn et al. [43] were able to measure differences in FRET efficiencies that reflect different rearrangements within the receptor structure upon binding of a variety of ligands. They showed that partial and full agonists induce different conformational signatures of the receptor [43] .
Interestingly, using a similar intramolecular FRET approach, a recent study has shown that allosteric ligands (compounds that can selectively modulate the binding and activity of receptor agonists) were capable of altering the agonist-occupied receptor conformation [44] . Agonists of the M 2 acetylcholine receptor, such as acetylcholine and carbachol, induced rapid changes in intramolecular FRET, supporting agonist-induced conformational changes in the M 2 acetylcholine receptor. The allosteric ligands gallamine and dimethyl-W84, while not inducing changes in FRET when given alone, increased FRET when given in the presence of an agonist [44] . This suggests that allosteric ligands modulate receptor activity through conformational changes transmitted to the orthosteric site or directly to the effector coupling sites. Taken together, these studies demonstrate that receptors are capable of adopting several active conformations that are thought to activate a discrete set of downstream effectors. Ligands that induce and/or stabilize specific conformations direct receptor signalling to a specific pathway that has proven in some cases to be clinically relevant. Developing ligands capable of activating a given group of signalling effectors is likely to yield compounds with beneficial therapeutic effects.
HETEROMER-DIRECTED SIGNAL SPECIFICITY
The notion that ligand binding to an allosteric site is able to induce receptor conformational change suggests that protein interactions could have a similar effect on receptors' conformations. This is particularly relevant in the case of receptor-receptor interactions, or heteromerization, where one protomer is likely to induce changes in the active conformation of its interaction partner. Indeed, accumulating evidence indicates that, within GPCR heteromers, protomers influence one another, leading to novel pharmacological properties of the receptors. Many studies have examined the modulation of pharmacology by receptor-receptor association, and recent studies have focused on the modulation of receptor signalling by heteromerization, pointing to a role for heteromer-specific signalling in receptor function. Finally, studies using current biophysical techniques have been able to demonstrate changes in receptor conformation by heteromerization through ligand binding to the associated receptor. In this section, we will describe the main findings relevant to heteromer-directed signal specificity and discuss their importance for the development of therapeutic agents targeting GPCRs.
New pharmacological properties of GPCR heteromers
Many studies have reported that receptor heteromerization leads to new binding properties [45] [46] [47] [48] [49] [50] , suggesting that heteromerization induces an alteration in the conformation of the ligand-binding site. The identification of an agonist, 6 -GNTI [6 -guanidinyl-17-(cyclopropylmethyl)-6,7-dehydro-4,5a-epoxy-3,14-dihydroxy-6,7-2 ,3 -indolomorphinan], that shows a relative selectivity for DOR-KOR (κ-opioid receptor) heteromers [51] supports the notion that receptors within a heteromer are capable of adopting active conformations that are absent in their homomeric counterparts.
G-protein activation
There are several examples showing that heteromerization alters receptor activity and G-protein activation (Figure 2 ). For instance, MOR association with DOR decreases MOR activity in response to selective agonists [48] , MOR association with α 2 -AR increases its activity [52] , and association with CB 1 R does not affect MOR activity [53] . Heteromerization between the AngII (angiotensin II) receptor AT 1 R (type 1 AngII receptor) and the bradykinin receptor B 2 reportedly increases the G-protein coupling of AT 1 R in response to its ligand AngII [46] . Thus, as G-protein activation is typically mediated through stabilization of specific GPCR-active conformations, in the case of heteromers, interaction with the associated receptor probably contributes to this stabilization of active conformations.
A mechanism of allosteric modulation between two protomers has also been proposed since receptor occupancy can lead to an increased G-protein activation of the associated receptor within a heteromer. For example, G-protein activation by MOR ligands is increased by the occupancy of DOR in the context of the MOR-DOR heteromer [54] . Similarly, signalling by the SST (somatostatin) analogue SST-14 is increased as a result of receptor occupancy by the D 2 R (dopamine D 2 receptor) agonist quinpirole in the context of the D 2 R-SSTR 5 (SST receptor 5) heteromer [49] . Furthermore, activation of G αq/11 by the serotonin receptor 5HT 2A R is decreased, and activation of G αi by 5HT 2A R is markedly enhanced by heteromerization with mGluR 2 (metabotropic glutamate receptor type 2) [50] . The specific conformation of 5HT 2A R conferred by heteromerization with mGluR 2 was shown to lead to a unique pattern of downstream effector activation (decreased G αq/11 and increased G αi coupling) upon stimulation with 5HT 2A R agonists such as LSD (lysergic acid diethylamide); this was proposed to be responsible for the hallucinogenic effect of these compounds [50] , suggesting that heteromer-specific active receptor conformations play a critical role in drug effects in vivo.
Switch in G-protein coupling
Accumulating evidence indicates that heteromerization can lead to a switch in G-protein coupling (Figure 2) . In some cases, such as with the MOR-DOR heteromer, this has been shown to be a ligand-independent phenomenon (i.e. the receptors in the heteromer are coupled to distinct G-proteins without ligand stimulation). Although MOR and DOR both couple to G αi when individually expressed, the heteromer has been shown in some cases to selectively couple to G αz [55] . In other cases, ligand binding contributes to the coupling selectivity of the heteromer. An interesting study reported the behaviour of the DOR-SNSR-4 (sensory neuron-specific receptor-4) heteromer. Heteromerization of DOR-SNSR-4 did not affect the G-protein coupling of individual receptors (activation of G αq for SNSR and of G αi/o for DOR) when individual receptors were specifically stimulated. However, simultaneous activation of the two protomers by the mixed agonist BAM22, or by two receptor-specific agonists, led to a switch in signalling from a G αi/o -to G αq -mediated signalling pathway as shown by activation of PLC (phospholipase C) (G αq -mediated) (D 2 R) to a G αq/11 -mediated response [57, 58] . In addition, these studies have provided evidence for the ability of the compound SKF83959, previously known as a D 1 R agonist, to bind the D 1 R-D 2 R heteromer and activate the G αq pathway in the brain [57] . In addition, heteromerization between CB 1 R and D 2 R reportedly involves a switch in CB 1 R coupling from G αi to G αs upon co-activation of D 2 R [59] . CB 1 R represents an example of a receptor whose activity can be regulated by ligandand heteromer-directed signalling. It is likely that these different mechanisms contribute to the wide range of physiological effects reported for CB 1 R [60] [61] [62] [63] . Taken together, these examples of switching in G-protein coupling suggest the exciting possibility of a diversification of receptor properties by heteromerization that could contribute to the regulation of receptor function in vivo.
β-Arrestin-biased heteromer signalling Although, as described above, ligands can stabilize receptor conformations specifically conducive to β-arrestin signalling, recent studies have also demonstrated a role for receptor heteromerization in the activation of β-arrestin-mediated signalling (summarized in Figure 3) . Stimulation of the MOR-DOR heteromer with DAMGO (a MOR agonist) or deltorphin II (a DOR agonist), which each stimulates G-protein-mediated signalling when activating MOR or DOR in isolation, leads to a β-arrestin-dependent MAPK phosphorylation [64] . It was also found that this switch from G-protein-to β-arrestinmediated signalling, in turn, results in the cytoplasmic retention of phosphorylated MAPK, leading to differential activation of transcription factors (as compared with the MOR homomers) [64] . Interestingly, mice lacking β-arrestin2 exhibit amplified and prolonged morphine-induced analgesia [65] and do not Under normal physiological conditions, MOR is found mostly in the homomeric state. Morphine stimulation induces G-protein-mediated signalling and leads to analgesic effects. In contrast, upon chronic treatment with morphine the abundance of MOR-DOR heteromers increases [67] . MOR-DOR heteromers recruit β-arrestin, which alters MOR signalling [64] ; this is thought to contribute to the impaired analgesic effect of morphine upon its chronic administration. Occupancy of the DOR-binding site allows for the restoration of MOR signalling and analgesic effects of morphine [54, 64] .
develop tolerance to morphine [35] ; these observations are in contradiction with the lack of interaction between morphine and β-arrestin in vitro. This can be examined in light of MOR-DOR heteromer-biased arrestin signalling. Both β-arrestin2-knockout [35] and DOR-knockout mice [66] exhibit enhanced antinociceptive responses to morphine and impaired development of tolerance, suggesting that the role of β-arrestin2 and DOR in regulating morphine analgesia and tolerance could be the result of MOR-DOR heteromer-specific signalling that involves β-arrestin2. This mechanism has been recently substantiated by the enhanced detection of MOR-DOR heteromers after chronic morphine treatment, using a heteromer selective antibody [67] . Interestingly, co-stimulation of MOR-DOR with an MOR agonist together with a low concentration of a DOR antagonist leads to a dissociation of β-arrestin from the heteromer and to an increase in G-protein activation [54, 64] . Moreover, the observation that low doses of DOR antagonists potentiate morphine-mediated analgesia in vivo [54, 68] suggests that MOR-DOR heteromers play a pivotal role in the regulation of pain and that ligands targeting the heteromer could function as potent analgesics.
Interaction between GPCRs and β-arrestin has been shown to be regulated by heteromerization of other receptor pairs (Figure 2 ). In the case of the vasopressin receptors, while both V 1A R (vasopressin 1A receptor) and V 2 R (vasopressin 2 receptor) can be endocytosed through a β-arrestin-mediated mechanism, β-arrestin dissociates rapidly from V 1A R, allowing its rapid recycling to the plasma membrane while β-arrestin remains associated with V 2 R in endosomes. Heteromerization of V 1A R and V 2 R alters β-arrestin recruitment and receptor endocytosis, such that the two receptors are endocytosed as stable heteromers upon activation. In this case, both receptors co-traffic with β-arrestin in endosomes where the stable interaction inhibits the recycling of V 1A R to the plasma membrane, thus conferring a V 2 R-like endocytotic and recycling pattern to the V 1A R-V 2 R heteromer [69] . Similarly, in the case of the MOR-NK 1 (tachykinin receptor 1) heteromer, stimulation with an agonist to one of the receptors leads to crossphosphorylation of the other receptor [70] . SP (an NK 1 agonist) and DAMGO (a MOR agonist) induce co-internalization of NK 1 and MOR into the same endosomal compartment in a stable complex with β-arrestin [70] . This suggests new properties of MOR within the MOR-NK 1 heteromer, since MOR alone does not form stable complexes with β-arrestin. A report documenting heteromerization between SSTR 2 and SSTR 5 depicts an opposite scenario. Whereas activation of SSTR 2 results in the recruitment and stable association with β-arrestin followed by receptor internalization and accumulation of receptor-arrestin complexes in intracellular vesicles, heteromerization with SSTR 5 increases the recycling rate of internalized SSTR 2 by destabilizing its interaction with β-arrestin [71] . This modulation of β-arrestin interaction with SSTR 2 probably reduces receptor desensitization, as supported by the observation that L-779,976, a SSTR 2 -selective agonist, more efficiently inhibits adenylate cyclase, activates MAPK and induces the cyclin-dependent kinase inhibitor p27 Kip1 in heteromer-expressing cells, compared with cells expressing SSTR 2 alone [71] . These studies indicate a special role for β-arrestin in directing signals from interacting GPCRs and suggest that β-arrestin may play a pivotal role in orchestrating fine-tune signalling regulation of GPCR heteromers.
These findings, while providing compelling evidence for heteromer-directed signalling specificity, except in the case of the detection of MOR-DOR heteromer with a selective antibody [67] , are indirect and do not rule out the possibility that some of the observed effects are not via a direct receptor-receptor interaction.
Direct evidence for heteromerization-induced conformational change
Using modern biophysical technology, a few studies have been able to directly show the impact of heteromerization on receptor conformation, supporting results from other approaches that suggest that receptor-receptor interaction and allosteric modulation could contribute to the stabilization or induction of unique receptor conformations. One set of studies utilized a heteromeric complex in which each of the protomers can be selectively activated by a structurally different ligand, such as heteromers between the wild-type BLT 1 (leukotriene B 4 receptor) and a BLT 1 -ALXR (lipoxin A 4 receptor) chimaera (which is not activatable by leukotriene B 4 but can be activated by ALXR agonists). Labelling the BLT 1 protomer with a single 5-hydroxytryptophan allowed detection of changes in receptor conformation, since a change in fluorescence emission indicates receptor conformational changes. This approach demonstrated that agonist binding to one of the protomers leads to conformational changes on the other protomer, in agreement with the model of a cross-conformational change transmitted between the two protomers within a receptor dimer [72, 73] . However, agonist binding did not trigger full activation of the ligand-free protomer, suggesting the absence of a transactivation mechanism, where the signal would be transmitted from the ligand-activated protomer to the neighbouring protomer in the receptor dimer [72, 73] . Another study has used FRET microscopy to examine early molecular events underlying the interaction between MOR and α 2A -AR [74] . Changes in α 2A -AR conformation was measured by changes in intramolecular FRET (as described above), and was examined in the context of the co-expression with MOR and treatment with noradrenaline (norepinephrine) alone, or in combination with morphine. This study showed that morphine binding to MOR affects the noradrenaline-bound α 2A -AR conformation. The authors demonstrate a conformational change that propagated from one receptor to the other, leading to a rapid inactivation of the second receptor. This is in agreement with the decrease in signalling by G αi and the downstream MAPK cascade observed upon co-stimulation of the two protomers [52] . Biophysical approaches confirm that heteromerization can induce conformational changes in interacting receptors, supporting heteromer-directed signal specificity as the basis for the new pharmacological properties of the receptors within heteromeric complexes.
CONCLUSIONS
The studies documented in the present review underscore the complexity of the regulation of GPCR signalling. The nature of the ligand as well as receptor-receptor interaction can both lead to selective activation of downstream effectors, with emerging roles in pathophysiology. Characterization of specific signalling pathways responsible for a given physiological effect and identification of the select signalling pathways activated by a given ligand or in the context of a specific receptor heteromer will be helpful in designing new pathway-selective therapeutic agents.
